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SECTION 1 

INTRODUCTION 

Electro-Optical Systems, Inc. submits this final progress report in 

compliance with the requirements of the NASA Manned Spacecraft Center 
Contract NAS9-7843. This report completes the period of effort from 

1 April to 1 September 1968. 

The substance of the report is a comprehensive study to determine the 

optimal parameters for the design of an astronaut-operated Double- 

Focusing MasslCharge Spectrograph which might be used for the measure- 

ments of solar wind massjcharge number composition. 

parameters pertinent to the design of such an instrument were analyzed 

with regard to their various interdependencies for the purpose of 

establishing an overall design approaching the following primary set 

of operating criteria: 

Specifically, 

a. Resolution 1000 to 5000 

b. Massjcharge range 2 to 10 

d. Velocity deviation fO .20 

c. Angular spread *loo 

It was determined that item c, the angular spread, is not feasibly 

consistent with the remaining criteria. Because of the singular 

importance of the angular spread, much of the data are presented 

with reference to this parameter. 

Items a, b, and d are mutually consistent. However, energy deviation 

was found to be much more restricted than velocity deviation. 

considered was the following set of secondary criteria: 

Also 
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e. S e n s i t i v i t y  t o  be def ined 

f ,  Light  f l u x  r e j e c t i o n  to 

g . Dimens ions  15 x 15 x 45 cm 

h. Weight < 20 pounds 

i. Power 10 t o  20 w a t t s  

S e n s i t i v i t y  i s  discussed and def ined i n  a manner which i s  convenient 

f o r  t h e  proposed use  of t h e  instrument.  

Light f l u x  r e j e c t i o n  i s  an inherent  f e a t u r e  of a tandem double-focusing 

instrument which i s  t h e  design considered i n  t h i s  r e p o r t .  I n  a d d i t i o n ,  

an innovat ion i s  descr ibed which would f u r t h e r  enhance l i g h t  r e j e c t i o n .  

It has been conservat ively estimated t h a t  t he  weight of t h e  instrument 

and e l e c t r o n i c  components i s  less than 25 pounds. 

It has  been determined t h a t  t he  high vo l t age  requirements,  r a t h e r  than 

power cons ide ra t ions ,  are  more c r i t i c a l  t o  the design concept which i s  

presented. 
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SECTION 2 

THEORETICAL CONSIDERATIONS 

2.1 PROCEDURE 

Transfer  ma t r ix  methods f o r  c a l c u l a t i n g  t r a j e c t o r i e s  are w e l l  known i n  

o p t i c s  and have been appl ied t o  e l e c t r o n  o p t i c s .  

t h e s e  methods t o  e l e c t r o s t a t i c  and magnetic d e f l e c t o r s  has been gaining 

inc reas ing  r ecogn i t ion  i n  r e c e n t  years .  Consequently, they are par- 

t i c u l a r l y  adaptable  t o  t h e  s tudy of double-focusing mass spectroscopic  

instruments.  The t r a n s f e r  matr ices  used i n  t h i s  study were taken from 

References 1 through 5. 

The a p p l i c a t i o n  of 

E s s e n t i a l l y ,  t h e  t r a n s f e r  matr ix  approach i s  a method of ray t r a c i n g .  

For example, i n  t h e  case of i o n  o p t i c s  an element (e.g. ,  an e lec t r ic  

o r  a magnetic s e c t o r )  i s  represented by a t ransformation ( t r a n s f e r  

matr ix)  which gives  d e s c r i p t i o n  t o  an ion beam which has t r ave r sed  

t h e  element. I n  o rde r  t o  e f f e c t  such a d e s c r i p t i o n , t h e  ion beam i s  

represented by a v e c t o r , t h e  components of which are formed by t h e  

entrance s l i t  dimensions, entrance angular spread,  and t h e  dev ia t ions  

i n  mass/charge r a t i o  and energy. The t o t a l  t r a n s f e r  matr ix  which de- 

s c r i b e s  the  path o f a n  ion beam from entrance s l i t  t o  photographic p l a t e  

i s  t h e  product of as many as 11 ind iv idua l  matr ices .  Among t h e s e  are 

included t h e  important e f f e c t s  of t h e  f r i n g e  f i e l d s  of both t h e  e l e c t r i c  

and t h e  magnetic s e c t o r s  and t h e  e f f e c t  of changing t h e  sense of t h e  

beam d e f l e c t i o n .  

Af t e r  t h e  t o t a l  t r a n s f e r  matr ix  (one each f o r  r a d i a l  and a x i a l  de f l ec -  

t i o n s )  has been obtained,  then t h e  mass/charge d i spe r s ion ,  t h e  magnifica- 

t i o n ,  and t h e  f i r s t  and second order  a b e r r a t i o n  c o e f f i c i e n t s  can be 
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i d e n t i f i e d .  The a x i a l  a b e r r a t i o n s  are usua l ly  no t  considered p a s t  f i r s t  

o rde r  bu t  t h e  r a d i a l  a b e r r a t i o n s  are c a l c u l a t e d  t o  second o rde r  and 

sometimes estimated t o  t h i r d  o rde r .  I n  t h e  p re sen t  s tudy ,  t h i r d  o rde r  

ang le  c o e f f i c i e n t s  w e r e  included,  and were assumed t o  have values  10 

t i m e s  t h a t  of t h e  corresponding second order  c o e f f i c i e n t s .  The i n s t r u -  

ment r e s o l u t i o n  i s  c a l c u l a t e d  from elements of t h e  t o t a l  r a d i a l  t r a n s f e r  

matr ix .  

2 .2  SIGNIFICANT ELEMENTS OF THE TOTAL RADIAL SECOND ORDER 
TRANSFER MATRIX 

The t o t a l  r a d i a l  second order  t r a n s f e r  matr ix  con ta ins  289 elements of 

which only 1 7  are used i n  a determinat ion of t h e  r e so lv ing  power of t h e  

instrument.  These are given t h e  no ta t ions  as follows: 

where Q and B are t h e  r a d i a l  and a x i a l  ha l f - ang le s ,  r e spec t ive ly .  

q u a n t i t i e s  y and 6 are t h e  mass/charge and energy d e v i a t i o n s ,  respec- 

t i v e l y ,  def ined as follows: 

The 

where 

U - p a r t i c l e  energy per u n i t  charge 

U - p a r t i c l e  energy per  u n i t  charge f o r  c e n t r a l  r ay  
0 

(M/Z) - p a r t i c l e  mass/charge number 

(M/Z)o - p a r t i c l e  mass/charge number w i t h  energy per  u n i t  
charge Uo 
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The r a d i a l  and a x i a l  displacements of t h e  pa rax ia l  ray from t h e  c e n t r a l  

r ay  are u r  and v r  where r is  t h e  r ad ius  of curva ture  of t h e  c e n t r a l  

r ay  i n  t h e  main magnetic f i e l d .  
m m m 

The most important of t h e  17  elements l i s t e d  above are i d e n t i f i e d  as 

fol lows : 

A -  

A -  
U 

CY 

A6 - 
A -  
Y - 
cm A 

A - 
or6 

- 
- 

magnif icat ion 

f i r s t  order  r a d i a l  angle  abe r ra t ion  c o e f f i c i e n t  

f i r s t  order  energy abe r ra t ion  c o e f f i c i e n t  

mass d i spe r s ion  c o e f f i c i e n t  

second order  r a d i a l  angle  abe r ra t ion  c o e f f i c i e n t  

second order  r a d i a l  angle-energy a b e r r a t i o n  c o e f f i c i e n t  

second order  energy abe r ra t ion  c o e f f i c i e n t  

second order  a x i a l  angle  abe r ra t ion  c o e f f i c i e n t  

The t h i r d  order  c o e f f i c i e n t s  of i n t e r e s t  are: 

- t h i r d  order  r a d i a l  angle  abe r ra t ion  c o e f f i c i e n t  

- t h i r d  order  a x i a l  angle  abe r ra t ion  c o e f f i c i e n t  
cytyclr 

A 

2.3 S I G N I F I C A N T  ELEMENTS OF THE TOTAL AXIAL TRANSFER MATRIX 

The a x i a l  t r a n s f e r  matr ix  f i r s t  order  elements a r e  usua l ly  the  only 

ones of i n t e r e s t  and a r e  denoted by: 

A - magnif icat ion 

AB - f i r s t  o rder  a x i a l  angle  abe r ra t ion  c o e f f i c i e n t  
V 
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2.4 INPUT PARAMETERS 

The matrix elements are very lengthy,  complicated func t ions  of  t h e  

inpu t  parameters.  These parameters are given below: 

Qm - 

'e - 
D -  

I' - 
1" - CY 

cy 
1; - 
1; - 
E' - 

€ 1 8  - 

c -  

n -  

Q '  - - 

- 
Q" - 

- 
R '  - 

- 
R" - 

r -  e 

r -  m 

sense - 

magnetic s e c t o r  ang le  

electric s e c t o r  angle  

( sepa ra t ion  between t h e  e l e c t r i c  and magnetic s e c t o r s )  

parameter desc r ib ing  e lectr ic  f r i n g e  f i e l d  ( i n p u t  s i d e )  

parameter desc r ib ing  e l e c t r i c  f r i n g e  f i e l d  (output s i d e )  

parameter desc r ib ing  magnetic f r i n g e  f i e l d  ( i n p u t  s i d e )  

parameter desc r ib ing  magnetic f r i n g e  f i e l d  (output  s ide )  

angle  between t h e  c e n t r a l  ray and t h e  normal t o  t h e  
inpu t  i d e a l  f i e l d  boundary of t h e  magnetic s e c t o r  

similar t o  E '  except r e f e r s  t o  t h e  output  i d e a l  f i e l d  
boundary of t h e  magnetic s e c t o r  

parameter desc r ib ing  t h e  inhomogeneity of t h e  main 
e lectr ic  f i e l d  

parameter desc r ib ing  t h e  inhomogeneity of t h e  main 
magnetic f i e l d  

[ r e c i p r o c a l  r a d i u s  of cu rva tu re  of e lec t r ic  s e c t o r  
boundary ( inpu t  s i d e )  7 x rm 
[ r e c i p r o c a l  r a d i u s  of cu rva tu re  of e l e c t r i c  s e c t o r  
boundary (output  s i d e )  3 x rm 

[ rec ip roca l  r ad ius  of cu rva tu re  of magnetic s e c t o r  

m boundary ( inpu t  s ide )  3 x r 

[ r ec ip roca l  r ad ius  of curvature  of magnetic s e c t o r  
boundary (output  s ide )  1 x 1: 

r ad ius  of cu rva tu re  of c e n t r a l  pa th  i n  t h e  main 
e lectr ic  f i e l d  

r a d i u s  of cu rva tu re  of c e n t r a l  p a t h  i n  t h e  main 
magnetic f i e l d  

determines t h e  r e l a t i v e  d e f l e c t i o n s  i n  t h e  electric and 
magnetic s e c t o r s  

x l/rm 

m 

3039 -Final  6 



2.5 COMPUTER METHODS 

A computer program w a s  w r i t t e n  t o  eva lua te  t h e  r a d i a l  and a x i a l  t r a n s f e r  

matrices f o r  t h e  complete system. This merely r equ i r ed  doing a series 

of ma t r ix  m u l t i p l i c a t i o n s ,  each matr ix  being t h e  t r a n s f e r  ma t r ix  f o r  a 

given region ( i .e.  , f r i n g i n g  f i e l d  region,  e lectr ic  s e c t o r  region,  etc.) .  

Due t o  t h e  r a t h e r  l a r g e  dimensions of t h e  r a d i a l  matrices (17  x 17), t h e  

eva lua t ion  of t h e  complete r a d i a l  t r a n s f e r  matrix r equ i r ed  about 23 sec- 

onds on t h e  C D C - 3 1 0 0  computer. The f i r s t  row of t h i s  r a d i a l  ma t r ix  then  

determined t h e  image s l i t  width ( f o r  a given o b j e c t  s l i t )  i n  terms of t h e  

15 parameters desc r ib ing  t h e  system: 

re/rm, D ,  ?I ,  $ I ,  E', ?I, and INVERT. 

o rde r  complete a x i a l  t r a n s f e r  matr ix  rendered t h e  image s l i t  l eng th .  

Several  ca ses  were run t h i s  way i n  a s o r t  of t r i a l  and e r r o r  approach 

t o  f ind ing  a good se t  of system parameters,  and i t  a l s o  served as a 

means of checking ou t  t h e  program f o r  p o s s i b l e  coding e r r o r s .  Once t h e  

program w a s  debugged, i t  w a s  changed i n t o  a subrou t ine  t o  be used by y e t  

another bigger  program. The purpose of t h i s  new program w a s  t o  t r y  and 

f i n d  a combination of t h e  input  (system) parameters t h a t  would r e s u l t  i n  

an improvement over a set of " i n i t i a l  guess" parameters.  

operated as follows: An "error"  func t ion ,  ERROR, w a s  invented. It 

e s s e n t i a l l y  ind ica t ed  t h e  r a d i a l  a b e r r a t i o n  of t h e  image s l i t  due t o  

p a r t i c l e s  of i n c i d e n t  angle  (a) and energy d e v i a t i o n  energy ( 6 ) .  

c ,  n ,  ve, qm, e ' ,  e " ,  I;, I:, 
The f i r s t  row of t h e  2 x 2 f i r s t  

The program 

Thus: 

where t h e  A ' s  are t h e  f i r s t  row matr ix  elements of  t h e  complete r a d i a l  

t r a n s f e r  matr ix .  The values  of cy and 6 were both a r b i t r a r i l y  set a t  0.1. 
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The problem w a s  now t o  minimize t h e  ERROR func t ion  w i t h  r e s p e c t  t o  t h e  

v a r i o u s  inpu t  parameters.  (Actual ly ,  t h e  parameters c y  n ,  and INVERT 

were maintained a t  cons t an t  va lues  and only t h e  remaining 12 parameters 

were allowed t o  vary.) 

computes t h e  g rad ien t  of t h e  func t ion  and then starts s t epp ing  backwards. 

This i s  e x a c t l y  what w a s  done. The 12 q u a n t i t i e s :  

To f i n d  a minimum of a func t ion ,  one merely 

a (ERROR) 
a P  1 . . . ,  a (ERROR) a (ERROR) 

a@ e a@m ' 

w e r e  c a l c u l a t e d .  Then, t h e  components of t h e  normalized g rad ien t  were 

computed : 

a (ERROR) 
- - - a P  , p = @e, @m, . . . , R". 

( v  ERROR) J;:1[y]2 
An i n i t i a l  s t e p  s i z e  of 1.0 w a s  chosen and t h i s  amount w a s  "stepped o f f "  

i n  t h e  d i r e c t i o n  of t h e  nega t ive  g rad ien t .  

i n  12-space, no t  on each parameter; consequently,  each parameter changed 

by considerably less than  1.0 pe r  s t ep . )  

(Note: t h i s  s t e p  w a s  taken 

Af te r  each s t e p  t h e  g rad ien t  

w a s  again re-computed t o  determine t h e  d i r e c t i o n  i n  which t h e  next  s t e p  

should be made. This process continued as long as t h e  va lue  of ERROR 

continued t o  decrease.  

f i n a l l y  r e s u l t e d  i n  "going uph i l l " ,  it w a s  reasoned t h a t  a minimum had 

been overshot.  So, t h e  s t e p  s i z e  w a s  reduced by a f a c t o r  of 10 and the 

s e a r c h  continued a t  t h i s  smaller s t e p  s i z e .  

Then, when a s t e p  i n  t h e  d i r e c t i o n  of - V(ERR0R) 

This above process w a s  t o  cont inue u n t i l  t h e  s t e p  s i z e  became less than 

a certain va lue  (about 0.001), a t  which po in t  t h e  minimum of t h e  ERROR 

func t ion  would be  claimed and t h e  search would be over.  
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Unfortunately,  t h ings  d i d  no t  work completely according t o  plan.  A f t e r  

t h e  f i r s t  "over-shooting" of t h e  minimum w i t h  a s t e p  s i z e  of 1.0 i t  

would seem p l a u s i b l e  t h a t  by reducing t h e  s t e p  s i z e  t o  0.1 t h e  minimum 

should be  over-shot again w i t h i n  about t e n  s t e p s  a t  most. 

happened. 

p a s t  t h e  expected 10 i t e r a t i o n s .  

th is  s t e p  s i z e  would cont inue t o  las t  s i n c e  t h e  t i m e  estimate of t h e  

program would always be exceeded, even when more than 1 1 / 2  hours w a s  

allowed. The main problem w i t h  t h e  program w a s  t h e  amount of time it 

took. 

complete t ransformation ma t r ix  12 t i m e s  (one f o r  each parameter),  t h e  

t i m e  r equ i r ed  f o r  j u s t  one i t e r a t i o n  s t e p  was almost 5 minutes! Bow- 

e v e r ,  a later f e a t u r e  of t h e  program allowed any of t h e  parameters t o  be 

held f i x e d  while t h e  rest v a r i e d .  This helped t o  inc rease  t h e  i terat ion 
frequency, although no minimum as such was ever found w i t h i n  t h e  99 min- 
u t e s  of t i m e  a l l o t t e d  per computer run.  

This never 

Ins t ead  t h e  s tep-off  would confinue i n  u n i t s  of 0.1 w e l l  

It i s  d i f f i c u l t  t o  say j u s t  how long 

Since each eva lua t ion  of a g rad ien t  r equ i r ed  an eva lua t ion  of t h e  

2 . 6  RESOLUTION CLOSE TO THE CENTRAL RAY POINT AT THE IMAGE PLANI?, 

Resolut ion (R) ,  as descr ibed i n  Fig.  1, is  def ined as follows: 

This i s  t h e  r e s o l u t i o n  which can be obtained c l o s e  t o  t h e  c e n t r a l  r ay  

po in t  of t h e  image plane and i s  given a n a l y t i c a l l y  by t h e  following 

expression: 
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Figure 1. Definition of Resolution 
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where t h e  va lues  of a l l  c o e f f i c i e n t s  are taken as abso lu te .  That i s ,  

minus s i g n s  are ignored. The S '  (=2u r ) is t h e  width of t h e  en t r ance  

s l i t  ( o b j e c t ) .  

s l i t  i s  2vorm. 

o m  
It should be  noted t h a t  t h e  l e n g t h  of t h e  en t r ance  

I d e a l l y ,  t h e  b e s t  instrument design would be one f o r  which a l l  t h e  

a b e r r a t i o n  c o e f f i c i e n t s  (except A and A ) vanished simultaneously.  
U Y 

A s  can be  seen i n  Eq.  4 ,  it i s  d e s i r a b l e  f o r  A,, t o  be  as l a r g e  as 

p o s s i b l e ,  and A t o  b e  minimized t o  
U 

2.7 DOUBLJ3-FOCUSING CONFIGURATIONS 

r 
less than u n i t y .  

The a b e r r a t i o n  c o e f f i c i e n t s  f o r  about 650 conf igu ra t ions  were c a l c u l a t e d .  

Most of t h e s e  were s l i g h t  modif icat ions of a set of i n i t i a l  cond i t ions  

on t h e  parameters. In no case were t h e  c o e f f i c i e n t s  p e r t a i n i n g  t o  a 
and 6 made t o  assume i n s i g n i f i c a n t l y  s m a l l  va lues ,  simultaneously.  

During t h e  s tudy ,  va lues  of t h e  c o e f f i c i e n t s  were observed t o  range 

from t o  over 100. 

Tables 1 through 4 con ta in  t h e  parameters and c o e f f i c i e n t s  considered 

t o  be t h e  b e s t  of t h e  conf igu ra t ions  s tud ied .  The d a t a  of Table 1 has 

been used i n  t h e  s e l e c t i o n  of t h e  design concept presented i n  t h i s  

r e p o r t .  The n o t a t i o n  scheme f o r  t h i s  design i s  shown i n  Fig.  2.  
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SECTION 3 

DE SIGN CON SIDE RATIONS 

3.1 ENERGY DISPERSION AND DEVIATION 

Image abe r ra t ions  i n  the  spectrograph can be reduced by t h e  proper 

choice of design parameters,  a s  previously d i scussed ,  and a l s o  by de- 

c r e a s i n g  the  d i r e c t i o n  angles ,  a. and p, and the energy d e v i a t i o n ,  6 .  

The d i r e c t i o n  angles can be c o n t r o l l e d  with comparative ease by c o l l i -  

mating the  beam, us ing  a proper s l i t  arrangement. However, decreasing 

the energy dev ia t ion  r equ i r e s  a technique which d i spe r ses  t h e  beam i n  

such a way t h a t  only p a r t i c l e s  w i th  ene rg ie s  wi th in  t h e  dev ia t ion  can 

f i l t e r  through. A s i m p l e  device,  the p a r a l l e l - p l a t e  e l e c t r i c  f i e l d  

m i r r o r ,  accomplishes t h i s  purpose. Only p a r t i c l e s  e n t e r i n g  t h e  mi r ro r  

with energy/charge wi th in  a given d e v i a t i o n ,  6 ,  a r e  ab le  t o  pass through 

and i n t o  the e l ec t r i c  s e c t o r  of t he  spectrograph, the d i r e c t i o n  angles 

remaining unchanged. Figure 3 presen t s  a design concept showing the 

mi r ro r  arrangement which has been i d e n t i f i e d  a s  the energy f i l t e r .  

3.1.1 TKE MIRROR ANALYZER AND CALCULATION OF 6 

The theory of t he  mi r ro r  i s  simple when compared with o t h e r  geometries 

of e l e c t r o s t a t i c  ana lyze r s (6 ) .  

s l i t s ,  S ,  l oca t ed  t o  pass those p a r t i c l e s  with energy, Uo, which e n t e r  

and leave a t  an angle  of 45 with r e spec t  t o  the normal o r  those par- 

t i c les  with an energy, U > Uo, which e n t e r  and leave a t  an ang le ,  s, 
with r e spec t  t o  the  45 d i r e c t i o n .  The mean d i s t a n c e ,  j, (see Figure 2), 

between the entrance and e x i t  s l i t s  i s  given by 

The ion paths  a r e  parabol ic  with the 

0 

0 

2U h 
[ 1 +  s ]  cos% 0 R = -  

vF 
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where VF is the potential across the mirror plates. 
be evaluated in terms of U 
will be shown. Therefore, 

This potential can 

by letting Q! = 0 in which case 6 = S / a ,  as 
0 

For the usual case, the term in the parentheses is of little im- 

portance. 

Referring to the dimensions given in Figure 2, i.e., a = 100 mm (3.937") 
h = 2.921 mm (1.150") renders V = 0.584U0. F 

Equation 5 can be used to determine 6 by considering the illumination 
of the exit slit, as follows: 

Ion beam enters mirror at Q! = 0; 

illumination = full - u = u  
0 

illumination -+ 0 - u 4 U0[l st s / a ]  = U0[l + 6-J 

Ion beam enters mirror at Q! # 0; 

illumination = f u l l  - u = uosec2a: = uo[l + S ]  

illumination --+ 0 - u 4 Uo[l *~/j,-Jsec2a: = u0[1 + 61 

Therefore, che maximum deviation, 6 (max) , occurs when a: # 0 ,  i.e. , 

6(max) = [I + ~/~-Jsec2~! - 1 

and, the minimum deviation, 6(min), occurs when Q! = 0, i.e., 

6(min) = -S/R 
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The range of d e v i a t i o n  t h a t  can be t r ansmi t t ed  through t h e  e x i t  s l i t  

i s  then given by 

F i n a l l y ,  6 i s  def ined a s  one-half t he  range of dev ia t ion  o r  

2 6 = a + s / a  (7) 

Equation 7 shows t h e  dependence of t he  energy dev ia t ion  on the  r a d i a l  

acceptance ha l f - ang le ,  which is  p e c u l i a r  t o  the  design concept pre- 

sented i n  Figure 3 .  

3.1.2 THE MIRROR ANALYZER AND VELOCITY TUNING 

Figure 3 a l s o  shows a sepa ra t e  p a r a l l e l - p l a t e  m i r r o r ,  the proton ve- 

l o c i t y  tune r ,  which i s  phys ica l ly  mounted on top  of the energy f i l t e r  

and i s  i n  every r e spec t  i d e n t i c a l  t o  t h e  l a t t e r .  This  u n i t  i s  tuned 

t o  an energy such t h a t  the maximum proton c u r r e n t  i s  de l ive red  t o  a 

continuous channel e l e c t r o n  m u l t i p l i e r .  I n  t h i s  manner i t  i s  poss ib l e  

t o  monitor changes of the proton bu lk  v e l o c i t y ,  Vo, and hence of t he  

o t h e r  i o n i c  species  i n  the s o l a r  wind. 

3.2 VELOCITY DEVIATION 

It should be noted t h a t  decreasing t h e  energy dev ia t ion ,  6 ,  does n o t  

r e q u i r e  a decrease i n  the  v e l o c i t y  deviat ion.  On the con t r a ry ,  a wide 

v e l o c i t y  dev ia t ion  o r  random v e l o c i t y  d i s t r i b u t i o n  is d e s i r a b l e  t o  t h e  

func t ion  of a double-focusing mass/charge spectrograph i n  i t s  appl ica-  

t i o n  t o  s o l a r  wind measurements. Th i s  i s  q u i t e  d i f f e r e n t  from t h e  
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e l e c t r o s t a t i c  energy analyzer  from which t h e  b e s t  d a t a  r e s o l u t i o n  i s  

obta ined  when the  s o l a r  wind temperatures a r e  low, i .e. ,  when the  

random v e l o c i t y  d i s t r i b u t i o n s  a r e  r e l a t i v e l y  narrow. 

t h a t  h igh  s o l a r  wind temperatures r ep resen t  t he  b e s t  cond i t ions  f o r  

spectrograph opera t ion .  The reason f o r  t h i s  i s  t h a t  p a r t i c l e s  wi th  a 

dev ia t ion  i n  mass/charge and a s u f f i c i e n t l y  l a r g e  magnitude of v e l o c i t y  

d e v i a t i o n ,  such t h a t  t h e i r  energ ies  have a t  most a dev ia t ion  6 ,  w i l l  

pass s imultaneously through the  spectrograph and, t hus ,  be recorded on 

t h e  photographic p l a t e .  The r e l a t i o n  s a t i s f y i n g  t h i s  cond i t ion  i s  

given i n  f i r s t  o rder  by 

It  would fol low 

VELOCITY DEVIATION = (8) 

Equation 8 r e s u l t s  from the f a c t  t h a t  i t  i s  gene ra l ly  agreed among 

i n v e s t i g a t o r s  of s o l a r  wind phenomena t h a t  a l l  i on  spec ie s  have essen- 

On the  o the r  hand, i f  it were as -  t i a l l y  the  same bulk  v e l o c i t y ,  

sumed t h a t  a l l  i on  spec ies  had e s s e n t i a l l y  the  same temperature ,  then 

they could no t  have the  same maxwellian v e l o c i t y  d i s t r i b u t i o n s .  I n  

p a r t i c u l a r ,  the heavier  spec ies  would have extremely narrow d i s t r i b u -  

t i o n s  r e l a t i v e  t o  those of the  l i g h t e r  ions .  Thus, i t  would be inher -  

e n t l y  d i f f i c u l t  t o  opera te  a spectrograph t o  measure mass/charge numbers 

f o r  heavy ions .  However, f o r  a s o l a r  wind i n  the  normal temperature 

range,  > 3 x 10 

v e l o c i t y  d i s t r i b u t i o n s  t o  have s i m i l a r  wid ths ,  implying 4He* tempera- 

t u r e s  - 4 t i m e s  the 'H+ temperatures.  (7'8) 

Bame, e t  al,") t h e r e  a r e  c l e a r  i nd ica t ions  i n  the  Vela d a t a  t h a t  t he  

var ious  ion  spec ies  have more n e a r l y  equal temperatures when the  s o l a r  

wind i s  co ld  (- 10 K ) .  Therefore ,  normal-temperature s o l a r  wind has 

presumably undergone ex tens ive  non-thermal hea t ing  i n  i n t e r p l a n e t a r y  

space,  t he  hea t ing  processes  tending t o  cause d i f f e r e n t  ion  spec ies  t o  

have n e a r l y  the  same random v e l o c i t y  d i s t r i b u t i o n s .  It should be noted 

t h a t  during t h e  104 days of Mariner 11 da ta  c o l l e c t i o n ,  n ine ty  percent  

of t he  recorded temperatures were between 6 x lo4 and 5 x 10' OK, i .e. ,  

normal t o  g r e a t e r  than normal. 

v O o  

4 0 K ,  t h e r e  i s  a tendency f o r  'H' and 4He* random 

NOW, according t o  s ,  J. 

4 0  
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I n  summary, i t  i s  necessary  t o  have 6 small  f o r  r e s o l u t i o n  and t h e  

v e l o c i t y  dev ia t ion  a t  l e a s t  l a r g e  enough t o  ob ta in  t h e  des i r ed  range 

i n  mass/charge displayed s imultaneously on the  photographic p l a t e .  

Again, from Mariner I1 d a t a ,  i t  was found t h a t  t he  proton v e l o c i t y  

dev ia t ion  was > 0.18 over s e v e r a l  runs which had va lues  of bu lk  

v e l o c i t y ,  

above d i scuss ion ,  t h i s  va lue  of v e l o c i t y  dev ia t ion  can  be  appl ied  t o  

heavier  ion spec ies  a s  w e l l ,  then the  requirements f o r  the  mass/charge 

ranges of i n t e r e s t  w i l l  be s a t i s f i e d  regard less  of t h e  ion mass. 

extending from 315 t o  840 km/sec. I f ,  according t o  t h e  
vO * 

3.3 MASS/CHARGE COMPOSITION OF THE SOLAR W I N D  

The r e s u l t s  of s e v e r a l  s o l a r  wind experiments have p o s i t i v e l y  i d e n t i -  

f i e d  the  presence of mass/charge numbers one and two. 

t he  proton con ten t ,  of course,  and the  l a t t e r  i s  considered t o  be alpha 

conten t .  

3Hes't, 4He+, var ious  ion  spec ies  of l60, and o t h e r  un iden t i f i ed  heavy 

ions  a r e  p re sen t  i n  t h e  s o l a r  wind. 

of Hawaii has  been i n v e s t i g a t i n g  the  ex i s t ence  of Fe . 

The former i s  

Data from the  Vela 3 A  experiment") purpor t s  t o  show t h a t  

J. Zi rker  (I1) of the  Un ive r s i ty  
+14 

Table 5 was generated i n  order  t o  r e l a t e  var ious  ion  spec ies  i n  terms 

of mass/charge number. Elements helium t o  i ronhave  been included wi th  

the  range of mass/charge number extending from two to  t e n ,  c o r r e l a t i n g  

wi th  a l l  poss ib l e  degrees of i o n i z a t i o n  occurr ing  i n  t h a t  range. The 

t a b l e  i s  incomplete t o  the  e x t e n t  t h a t  it does not  conta in  i so topes  of 

the  elements. However, i t  furn ishes  a b a s i s  f o r  determining t h e  r e s o l -  

u t i o n  requirements of an instrument designed t o  measure mass/charge. 

For example, r e f e r r i n g  t o  Figure 1 and Equation 3 ,  a r e s o l u t i o n  of 143 
would be requi red  t o  d i s t i n g u i s h  4He+ (4.003) and 56Fe+14 (3.989). On 

the  o the r  hand, a r e s o l u t i o n  of 3333 is necessary  t o  reso lve  4He* 

(2.0015) and (2.0018). 12c+6 
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Figure 4 i s  a p l o t  of t h e  number of occurrences of a given mass/charge 

number i n  Table 5. Figure 5 ,  an i n t e g r a t i o n  of  Figure 4 ,  shows t h a t  

t h ree - fou r ths  of t h e  t o t a l  number of values of mass/charge numbers 

l i s t e d  i n  Table 5 occur f o r  M/Z < 5. 

3.4 MEASUREMENT OF MASS/CHARGE (RANGE SELECTION) 

I n  t h e  common a p p l i c a t i o n  of a mass spectrograph, t h e  p a r t i c l e s  a r e  

generated wi th in  the instrument from an ion source.  Consequently, t h e  

s e l e c t i o n  of p a r t i c l e s  w i th in  a given range of mass/charge number i s  

accomplished by "tuning" the  p a r t i c l e  energy and electric s e c t o r  vo l t age ,  

simultaneously.  I n  t h e  p re sen t  a p p l i c a t i o n  t h e  ion source i s  t h e  s o l a r  

wind. Normally, t h e r e f o r e ,  t he  s e l e c t i o n  would n e c e s s i t a t e  varying t h e  

magnetic f i e l d  i n t e n s i t y  a s  w e l l  as t he  e lec t r ic  s e c t o r  vol tage.  

In  o rde r  t o  avoid changing the  magnetic f i e l d ,  thus pe rmi t t i ng  the use 

of one permanent magnet, a s h o r t  r e t a r d i n g  e l e c t r i c  f i e l d  ( t h e  dece le r -  

a t o r  u n i t  of Figure 3 ) ,  s i t u a t e d  between the e l ec t r i c  and magnetic 

s e c t o r s ,  i s  introduced i n t o  the design concept. The purpose of t h i s  

f i e l d  i s  t o  vary t h e  energy of a p a r t i c l e  a s  it e n t e r s  t he  magnetic 

s e c t o r  such t h a t  t he  product of the mass/charge t i m e s  t he  energy equals  

a cons t an t  k. That i s ,  s i n c e  the  magnetic i n t e n s i t y  B i s  given by, 

(9) 
44 70 
r m 

B = - ./ (M/Z)W (gauss) 

where, W i s  the  energy i n  k i l o v o l t s  with which a p a r t i c l e  w i t h  mass/ 

charge number M/Z  e n t e r s  t he  magnetic s e c t o r ,  then,  

A value of k = 22.5 has been chosen. This r e q u i r e s  a magnetic f i e l d  

i n t e n s i t y  B = 2120 gauss (rm = 10 cm).  
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The ion beam i n c i d e n t  i n t o  t h e  d e c e l e r a t o r  u n i t  must be h i g h l y  c o l l i -  

mated so t h a t  the r e t a r d i n g  f i e l d  does no t  cause angle d i spe r s ion .  

Th i s  i s  p r e c i s e l y  the  func t ion  of t he  s p h e r i c a l  e l e c t r o s t a t i c  analyzer .  

That i s ,  t h i s  s e c t o r  co l l ima tes  a beam which i s  i n c i d e n t  with angles  

a, fl, and f o r  which t h e  energy dev ia t ion  i s  small .  

The a c c e l e r a t o r  u n i t  which precedes t h e  energy f i l t e r  has two f u n c t i o n s ,  

one of which is t o  h e l p  s a t i s f y  t h e  cond i t ion  t h a t  k = 22.5 f o r  M/Z < 5. 

The o t h e r  func t ion  w i l l  be discussed i n  Subsection 3.5. 

I n  e f f e c t ,  Table 6 exp la ins  the r e l a t i v e  r o l e s  of t he  a c c e l e r a t o r  and 

d e c e l e r a t o r  u n i t s .  I n  p a r t i c u l a r ,  i t  should be noted t h a t  t h e  design 

concept permits t h e  f i l l1  range of t h e  s o l a r  wind bulk v e l o c i t y  (300 t o  

700 km/sec) t o  be accepted by the instrument only f o r  mass/charge 

numbers two through s i x .  The "ve loc i ty  window" becomes more r e s t r i c t e d  

f o r  t h e  numbers seven through t en .  

3.5 VIRTUAL ACCEPTANCE ANGLES VERSUS REAL ACCEPTANCE ANGLES 

The r e a l  acceptance angles ,  0 and p, a r e  those which a r e  seen by t h e  

instrument ,  beginning with the energy f i l t e r .  The so-cal led v i r t u a l  

acceptance angles ,  a' and p ' ,  a r e  those which a r e  seen by the acce l -  

e r a t o r / c o l l i m a t o r  u n i t .  I n  a d d i t i o n  t o  i t s  func t ion  i n  s e l e c t i n g  

mass/charge range from M/Z < 5,  t h i s  u n i t  a l s o  effects a r educ t ion  ( t o  

a,B) of the  anv.les a' and 8 ' .  This f e a t u r e  i s  of primary importance 

because i t  causes an inc rease  i n  t h e  r e s o l u t i o n  f o r  t he  lower mass/ 

charge numbers and f o r  a given a ' ,  p ' ,  over t h a t  which would r e s u l t  

i f  t h e  acce le ra to r / co l l ima to r  u n i t  were no t  p re sen t .  

The r e l a t i o n s h i p  between the  two se t s  of angles  can be shown t o  behave 

according t o  
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where, V i s  the p o t e n t i a l  ac ross  the  a c c e l e r a t o r  u n i t .  Figure 6 

provides a p l o t  of Equation 11 as a funct ion of  mass/charge numbers 

f o r  t h e  f u l l  range of s o l a r  wind bulk v e l o c i t y .  As can be seen i n  the 

f i g u r e ,  the f r a c t i o n a l  angle reduct ion w i l l  depend upon t h e  v e l o c i t y  

acc. 

f o r  numbers less than seven. However, f o r  M/Z > 7 no r educ t ion  can be 

expected because of the s e l e c t e d  values  of  magnetic f i e l d  i n t e n s i t y  

and maximum a c c e l e r a t o r  vol tage.  

Equations 7 and 11 were used t o  c a l c u l a t e  t he  p l o t  of Figure 7 which 

i s  the  maximum energy dev ia t ion  corresponding t o  t h a t  curve of Figure 

6 which p e r t a i n s  t o  the upper l i m i t  of v e l o c i t y .  
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3 . 6  CALCULATION OF RESOLUTION 

It i s  now p o s s i b l e  t o  c a l c u l a t e  r e s o l u t i o n  using E q .  4 .  
r and t h e  f i r s t  and second order  a b e r r a t i o n  c o e f f i c i e n t s  can be 

obtained from Table 1. The t h i r d  o rde r  c o e f f i c i e a t s  i n  a! and 8 are 

assumed t o  be one o rde r  of magnitude g r e a t e r  than t h e i r  second o rde r  

coun te rpa r t s  (Ref. 1 2 ) .  Cross t h i r d  order  terms between 01 and 6 have 

been neglected.  

Values of 

m '  

It should be  noted (see Fig.  2) t h a t  t h e  o b j e c t  s l i t ,  S, forms an angle  

45 w i t h  t h e  c e n t r a l  pa th  whereas t h e  S' appearing i n  Eq. 4 r e f e r s  t o  

t h e  width of a s l i t  t h a t  is normal t o  t h e  c e n t r a l  pa th  d i r e c t i o n .  

Therefore,  

0 

OBJECT SLIT WIDTH s '  = 

The energy dev ia t ion ,  6 ,  and t h e  real acceptance ha l f - ang le s ,  Cy and 

8 ,  can be expressed from E q s .  7 and 11, r e s p e c t i v e l y ,  as func t ions  

of t h e  v i r t u a l  acceptance ha l f - ang le s  CY' and B ' ,  which w e r e  def ined 

i n  Sec t ion  3.5. 

I n  o rde r  t o  s impl i fy  t h e  p r e s e n t a t i o n ,  t h e  minimum r e s o l u t i o n  has been 

ca l cu la t ed .  This minimum r e s o l u t i o n  corresponds t o  the  upper l i m i t  of 

s o l a r  wind v e l o c i t y ,  V = 700 km/sec. P l o t s  of minimum r e s o l u t i o n  

versus  t h e  v i r t u a l  acceptance ha l f - ang le ,  CY', are presented i n  Figs .  8 ,  

9 ,  and 10 f o r  t h r e e  widths of t h e  o b j e c t  s l i t ,  S.  Note t h a t  t h e  curves 

f o r  a l l  mass/charge numbers would coincide wi th  t h a t  l abe led  mass/charge 

= 

angle  reduct ion.  

0 

6 t o  10 i f  t h e  acce le ra to r / co l l ima to r  u n i t  were no t  used t o  accomplish 
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It should be remarked that the resolution capability of the instrument 
as conceived will be greater than the minimum value plotted in the 

figures whenever the solar wind conditions are such that V < 700 
km/sec. 

ing to V 
an object slit width of 0.004 inch. 

0 

For example, Table 7 gives the range in resolution correspond- 

= 300 to 700 km/sec for two values of masslcharge number and 
0 

TABLE 7 

RESOLUTION 
Data of Table 1 with magnetic intensity = 2120 gauss; 
magnet radius = 3.937 inch; object slit width = 0.004 inch. 

CY' M/z = 2 M/Z = 3 - 
0.l0 664 6 64 

0 . 5 O  588 to 630 570 to 616 

1 .oo 486 to 566 434 to 550 

2 .oo 261 to 486 203 to 416 

4 .Oo 87 to 250 64 to 218 

6 .Oo 38 to 132 26 to 101 

3.7 DEFINITION OF SENSITIVITY 

Fundamentally, the instrument sensitivity is concerned with the number 

of ions of any given species which must pass through the entrance 

aperture (object slit) in order to produce a detectable image on the 

photographic plate. Scattering losses, aberrations, and photographic 

emulsion response are the factors which determine a sensitivity 

parameter, 
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For convenience, a s e n s i t i v i t y  parameter,  T, w i l l  be  def ined  as t h e  

t i m e  (seconds) r equ i r ed  f o r  ions of a given spec ie s  t o  produce a l i n e  

of s p e c i f i e d  degree of blackening on t h e  emulsion. In  t h e  d e r i v a t i o n  

of 7, l e t  

S* = number of ions  of a given spec ie s  per  cm2 requi red  t o  
blacken a s p e c i f i e d  degree 

upon t h e  l ine  

2 
@ = number of ions of a given spec ie s  per  cm - sec. inc iden t  

then , 

S* 
ip 

T n -  

For t h e  present  a p p l i c a t i o n ,  t h e  ion  cu r ren t s  w i l l  be extremely small ;  

t h e r e f o r e ,  s c a t t e r i n g  l o s s e s ,  due pr imar i ly  t o  space charge r epu l s ion ,  

can be neglected.  The var ious  intermediary s l i ts  w i l l  be considered 

open t o  t h e  passage of t h e  e n t i r e  ion  beam emanating from t h e  en t rance  

ape r tu re .  That i s ,  100 percent  instrument t ransmiss ion  is  assumed; 

a l s o ,  acceptance angles  a r e  taken t o  be small. It follows t h a t  

@o as 
!?I--- a i 

where 

@ = i on  f l u x  of a given spec ie s  inc iden t  upon en t rance  ape r tu re  

a = a rea  of en t rance  ape r tu re  

a = area of blackened l i n e  

0 

S 

i 

It should be noted t h a t  t h e  e f f e c t  of t h e  emulsion on t h e  s e n s i t i v i t y  

parameter is  expressed by S* and t h e  e f f e c t  of t h e  instrument i s  i n t r o -  

duced by t h e  f a c t o r  as/ai. The area a i s  der ived as fol lows:  i 
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.. . 

r A  
i 2 R  a = 2LY x 2rm(voAv + BAD) 
u- 
line width x line length 

where R = resolution is given in Figs. 8 ,  9, and 10, and Table 7. Also, 

the axial acceptance half-angle, B ,  can be replaced by cy since both are 

identical in the design concept of this instrument. 

Equation 13 can now be expressed as 

S* r2 A 

@o as o v  B T =  '(vA + a A )  

Owen (Ref. 13) has studied in detail the response of Ilford Q2 emulsion 

to the radiation of ionizing particles. He found that the sensitivity 

of Ilford Q plates increases linearly with increasing ion energy, 

inversely with the square root of the ion mass, and is independent of 

ionic charge. 

gators (Ref. 14) who examined RCA thin-film plates and Kodak-Pathe' SC5 
emulsion in addition to the Ilford Q As a note, the SC5 emulsion is a 

centrifuged film which has reportedly detected Fe' ions in quantities 

0.2 to 0.05 of those barely detectable with Ilford Q2, that is, with a 

sensitivity to ions estimated about lox that of Q 

2 

Similar results have been observed'by other investi- 

2' 

2 '  

The S* that is used in this discussion is related to the reciprocal of 
the emulsion sensitivity and consequently S* should vary with the root 

of the mass and inversely to the energy. 

charge times ion energy entering the magnetic sector has been constrained 

to be a constant (k) in the design concept in order to avoid the necessity 
of changing magnets. Consequently, 

However, the product of mass/ 
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Again, t h e  apparent dependence of S* on i o n i c  charge i s  not  of phys ica l  

s i g n i f i c a n c e  but  only comes about due t o  t h e  imposed c o n s t r a i n t .  

Hintenberger (Ref. 15) has a l s o  inves t iga t ed  t h e  blackening of I l f o r d  

Q For example, he 

r e p o r t s  t h a t  1.25 x 10 ions  pe r  c m  of Hl wi th  an energy of 9 kV 

s u f f i c e s  t o  produce a l i n e  of c l e a r l y  v i s i b l e  blackening. 

hand, Woolston e t  a1 (Ref, 16) have found t h a t  Cs+ ions  of t h e  same 

energy r e q u i r e  an accumulation of M 10 

blackened t o  50 percent  s a t u r a t i o n .  

r a t i o  of t h e  square roo t s  of H -mass t o  Cs-mass, i t  is  seen t h a t  50 

percent  s a t u r a t i o n  blackening can be expected by approximately 10 

pe r  cm of H2, i .e. about 100 x t h e  accumulation requi red  t o  ob ta in  a 

l i n e  j u s t  c l e a r l y  v i s i b l e .  This overload f e a t u r e  of t he  spectrograph 

permits opera t ion  of t h e  instrument without c l o s e  monitoring of t h e  

exposure t i m e ,  

p l a t e s  by ions  of d i f f e r e n t  masses and energy. 
6 2 2 

On t h e  o the r  

9 ions  per  cm2 t o  produce a l i n e  

Af ter  c o r r e c t i n g  t h i s  va lue  by t h e  

8 2 
ions  

2 + 

Using t h e  d a t a  given above, va lues  of the  instrument  s e n s i t i v i t y  

parameter,  7, can be ca l cu la t ed  f o r  H with regard t o  t h e  following 

chosen condi t ions :  
2 

6 S* = 1.25 x 10 ( l i n e  c l e a r l y  v i s i b l e )  

s* = lo8 (50 percent  blackening) 

Mass/charge = 2 (Hl) 

- - =  - 22*5 11.25 kV k 
Mass/charge 2 Energy = 

From Table 1; A = 0.6157 
Y 

A = 1.64 

AB 
= 1.084 

V 
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From Figure 9; Mass/charge (2), a' (3') 4 R = 170 

0.05 mm (width) G .O mm' (length-arbitrary) Entrance aperture = 

2 .'. a = 0.25 mm 
S 
r = 100 mm m 

From Figure 6; a' = 3' - a = 1.71° 4 0.0298 radian 
(note: the upper curve, V = 700 km/sec at 

0 
a mass/charge = 2, is used since this 
corresponds to the calculation of R) 

entrance aperture length - v =  - 0.025 
2rm 0 

The resulting computation yields 

10.6 S* T =  
@O 

TABLE 8 
SENSITIVITY PARAMETER 

0 Spectrograph No. 1 with (Y' = 3 ; magnetic intensity = 2120 
gauss; magnet radius = $00 mm (3.937 inch); object (entrance) 
aperture area = 0.25 mm ; mass/charge = 2; resolution = 170. 

Equation 18 renders Table 8 which lists exemplary values of the sensi- 

tivity parameter for the range of component f l u x  intensity assumed to 

exist in the solar wind. 
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3 . 8  MISCELLANEOUS DETAILS 

3.8 .1  HIGH-VOLTAGE REQUIREMENTS 

A d i r e c t  c u r r e n t  h igh  v o l t a g e  supply i s  r equ i r ed  f o r  s e v e r a l  elements 

of t h e  spectrograph design concept. Figure 11 shows t h e  l o c a t i o n s  of 

t h e  va r ious  p o i n t s  of high vo l t age .  The magnitude of t h e  requirement 

i s  demonstrated i n  Fig. 12 ,  which i n d i c a t e s  t h e  dependence upon t h e  

v i r t u a l  acceptance half-angle .  

There i s  a precedence i n  t h e  use  of such high vo l t ages  i n  space 

instrumentat ion.  C. Snyder (Ref. 17) is  c u r r e n t l y  using an a l t e r n a t i n g  

supply of 12 kV i n  t h e  OW-5 experiment designed t o  measure plasma wind 

d i r e c t i o n .  On the one hand, t h e  e l e c t r o n i c  s p e c i f i c a t i o n s  of a dc 

supply are less seve re  than those  of a comparable ac supply.  

However, t h e  vo l t ages  of t h e  spectrograph must be  highly r e g u l a t e d ,  

a t  least t o  a degree equal t o  t h e  r e c i p r o c a l  energy r e s o l u t i o n  (6), 
i .e.,  less than 1%. It should be noted t h a t  t h e  energy r e s o l u t i o n  i s  

always g r e a t e r  than t h e  mass/charge r e s o l u t i o n ,  R. This can be  shown 

as fol lows:  

U 
R6 ENERGY RESOLUTION = - = L I AU 6 

E R(max) 0.5 r A 

S'AU + 2rm6A6 
R , S 0  m y  

Since,  r = R i n  Fig.  2 ,  t hen  m 
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R6(max) x A 
R(max) = = 0.63 R6(max) 

f i ( A  U +- 2 &As) 

Therefore, in the last analysis', the electronics of the high voltage 

power supply might determine the resolution that can be realized apart 

from the physical limitations of the instrument. 

3.8.1.1 Instrument Tuning 

The instrument is tuned to a specific energy and mean mass/charge 

number (M/Z) by adjusting the potentials across the various high 

voltage elements. Primarily, tuning is accomplished by varying the 

proton velocity tuner voltage V until this unit passes the energy of 
the maximum hydrogen ion flux as indicated by a peaking of the continuous 

channel electron multiplier (CCEM) output. The proton velocity corres- 

ponding t o  this energy is defined as Vo, the solar wind bulk velocity. 

A change in Vo can be detected by a change in the setting V required to 
peak the CCEM output. 

which requires no adjustment of V would indicate a change in the proton 
ion density. 

0 

A variation in the amplitude of the peaked output 

Using Equation 6, the proton velocity selector potential is determined by - -- 

0.584 x lom5 V 
2 (kilovo 1 t ) 0 v =  

where V is expressed in units of km/sec. 
0 

The remaining potentials involved in the instrument tuning are related 

to V as follows (refer to Table 6): 
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For a given mean va lue  (M/Z)oj, 

j l  
Acce lera tor  vo l tage  = C 

j 2  
F i l t e r  vo l t age  = (M/Z)ojV + C 

2d (M/Z)o. 
0.584 re j 3  

1 v + c  E l e c t r i c  s e c t o r  vo l t age  = 

(M/Z) o .  

j 4  
J- v + c  0.584 Decelerator  vo l t age  = 

where t h e  Cji  a r e  cons tan ts  of d i f f e r e n t  va lues  ( i )  corresponding t o  

t h e  s e l e c t e d  mean mass/charge number ( j ) .  

3.8.2 ELECTRIC SECTOR 

I n  Fig.  3 t h e  e l e c t r i c  s e c t o r  is i d e n t i f i e d  a s  a sphe r i ca l  e l e c t r o s t a t i c  

analyzer .  

def ined a s  

It i s  descr ibed by a parameter c (=l), Table 1, where c is  

r ad ius  of t h e  c e n t r a l  pa th  i n  t h e  e l e c t r i c  f i e l d  
a x i a l  r ad ius  of curva ture  (middle equ ipo ten t i a l  sur face)  c =  

The dimension r L (Fig.  2 ) ,  l oca t e s  t h e  ob jec t  s l i t  a t  t h e  r a d i a l  foca l  

plane of t h e  s e c t o r  such t h a t  t h e  beam e x i t i n g  t h e  s e c t o r  w i l l  be p a r a l l e l  

(co l l imated)  i n  t h e  r a d i a l  sense.  I n  order  t h a t  t h e  beam w i l l  be com- 

p l e t e l y  co l l imated ,  t h a t  i s  i n  both r a d i a l  and a x i a l  senses ,  t h e  ob jec t  

s l i t  must a l s o  be loca ted  a t  t h e  a x i a l  foca l  plane.  One of t h e  reasons 

f o r  choosing t h e  d a t a  of Table 1 i s  t h a t  t h e  r a d i a l  and a x i a l  foca l  

m e  

planes almost co inc ide  f o r  t h e  sphe r i ca l  geometry. 

l eng th  i s  given by t h e  following expression:  

The a x i a l  foca l  
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T h e o r e t i c a l l y ,  t h e  two foca l  planes can be made t o  exac t ly  coincide i f  

c = 1 . 0 6 2 ,  which means t h a t  t he  e l e c t r i c  s e c t o r  should a c t u a l l y  be very  

s l i g h t l y  t o r o i d a l .  Fringe f i e l d s  are taken i n t o  account i n  t h e  c a l c u l a -  

t i o n  of t h e  radial  foca l  length  and are not  involved i n  t h e  c a l c u l a t i o n  

of t h e  a x i a l  foca l  length.  However, i n  p r a c t i c e  the  e f f e c t  of t he  

f r i n g e  f i e l d  s h i e l d s  might al ter t h e  t h e o r e t i c a l  value of r a d i a l  foca l  

l eng th  somewhat. 

The p o t e n t i a l  across  the  plates of t h e  e l e c t r i c  s e c t o r  i s  d i r e c t l y  

p ropor t iona l  t o  t h e i r  s epa ra t ion  which, i n  t u r n ,  depends upon t h e  

real acceptance ha l f - ang le s ,  a and @. Figure 13 shows the  sepa ra t ion  

versus  CY f o r  the  data i n  Tables 1 and 2 .  The cases  of  Tables 3 and 4 

would generate  curves which would l i e  between those i n  Fig. 1 3 .  

3 . 8 . 3  MAGNETIC SECTOR 

Again r e f e r r i n g  t o  Fig. 3 ,  t he  magnetic s e c t o r  is  a permanent magnet 

w i th  conica l  pole  faces  (Refs. 4 ,  18, 19).  It produces a f i e l d  which 

v a r i e s  according t o  

where Bo i s  the  magnitude 

pa th ,  rm i s  t h e  rad ius  of 

of the  f i e l d  a t  the  p o s i t i o n  of t he  c e n t r a l  

t he  c e n t r a l  path,  and r i s  any radial  p o s i t i o n .  

The exponent, n ,  i s  c a l l e d  the  inhomogeneity parameter. A choice of n 

s l i g h t l y  less than uni ty  w i l l  r e s u l t  i n  an i n c r e a s e  i n  r e so lv ing  power 

over t h a t  which can be r e a l i z e d  f o r  the  case of a homogeneous f i e l d ,  

i . e . ,  n = 0. 

e t  a1 (Ref. 20). 

Magnets w i th  n = 0.91 have been b u i l t  by Alekseevski 
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The dimension, r L (Fig.  2) ,  l o c a t e s  t h e  image a t  t h e  r a d i a l  foca l  

plane of t h e  magnetic s e c t o r  s i n c e  t h e  beam en te r ing  t h e  magnet i s  

co l l imated .  Unlike t h e  r a d i a l  f o c a l  l eng th ,  t h e  axial f o c a l  length  of 

t h e  magnetic s e c t o r  i s  a f f e c t e d  by t h e  magnetic f r i n g e  f i e l d s .  When 

t h i s  e f f e c t  is  taken i n t o  account,  t h e  a x i a l  foca l  l eng th  t u r n s  out  

t o  be 

m m  

a x i a l  foca l  length  = 0.826 inch  

when t h e  d a t a  of Table 1 are used. This means t h a t  t h e  a x i a l  foca l  

length  i s  nea r ly  one-half t h e  r a d i a l  foca l  length ;  s o ,  pe r f ec t  a x i a l  

focusing a t  t h e  image i s  not  achieved t h e o r e t i c a l l y .  This i s  why the  

a x i a l  magnif icat ion A = 1.64 (see Sect ion 3.7) a t  t h e  image plane 

is  g r e a t e r  than un i ty .  
V 

3.8.4 PHOTOGRAPHIC DETECTOR 

A s  presen t ly  conceived, t he  photographic de t ec to r  would c o n s i s t  of a 

magazine which would p e r m i t  segments of photographic p la te  t o  be ex- 

posed s e l e c t i v e l y .  Each segment would be approximately one inch,  so  

t h e  d i spe r s ion  of mass/charge numbers would be l imi t ed  t o  t h i s  ex ten t .  

For example, t h e  d i spe r s ion  i s  given by 

which i s  a measure of t h e  s p a t i a l  s epa ra t ion  of two mass/charge numbers 

d i f f e r i n g  by one percent .  Using t h e  given values  of r and A t h e  d i s -  

pers ion  would be 0.025-inch. 

inch  i n  length  i n  t h e  r a d i a l  plane would be more than s u f f i c i e n t l y  wide 

t o  accept  a spread of *20 percent  i n  mass/charge numbers. 

m Y ’  
This means t h a t  a segment of p l a t e  one 
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3.8.4.1 Cosmic Radiat ion 

The use of photographic materials i n  space n a t u r a l l y  raises t h e  ques t ion  

concerning t h e  e f f e c t s  of cosmic r a d i a t i o n .  In  t h e  present  a p p l i c a t i o n ,  

however, t h e  photographic p l a t e s  are only about one micron i n  th ickness .  

Considering t h e  extremely high energ ies  of t h e  t y p i c a l  cosmic r ay  par -  

t i c l e  and t h e  correspondingly long mean f r e e  pa th ,  it can be shown t h a t  

no s i g n i f i c a n t  i n t e r a c t i o n  wi th  t h e  photographic emulsion w i l l  r e s u l t  

w i th in  t h e  per iod of t i m e  t h a t  t h e  plates  would be exposed t o  t h i s  type 

of r a d i a t i o n .  

3.8.5 DIMENSIONS 

Figure 3 shows t h e  dimensions of t h e  instrument.  It has been designed 

i n  concept s o  t h a t  t h e  acce le ra to r / co l l ima to r  u n i t  can be e a s i l y  i n -  

s e r t e d  i n t o  a s ix - inch  po r t  i n  order  t o  i n t e r c e p t  t h e  s o l a r  wind ion  

beam. To f u r t h e r  conserve space,  an e f f e c t  of t h e  energy f i l t e r  i s  t o  

bend t h e  ion  beam through t h e  angle  of 90'. 

Fig. 3 ,  however, do not  necessa r i ly  include t h e  e l e c t r o n i c  package. 

The dimensions shown i n  

3.8.6 LIGHT FLUX REJECTION 

The problem of l i g h t  f l u x  r e j e c t i o n  has been encountered i n  space exper i -  

ments which use d e t e c t o r s  t h a t  channel the  s o l a r  l i g h t  r a d i a t i o n ,  along 

with the  ion  beam, t o  the sensing element. The e l e c t r o s t a t i c  analyzer  

i s  an example of such a de tec to r .  Ogilvie  e t  a1 (Ref. 21) have con- 

s t r u c t e d  a po r t ion  of t h e i r  e l e c t r o s t a t i c  analyzer  with tungsten mesh, 

thus forming a l i g h t  t r a p  which seemingly has  been e f f e c t i v e  i n  prevent- 

ing channeling. 
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Channeling i n  t h e  e l e c t r i c  s e c t o r  of a double-focusing instrument is  

not  so severe when t h e r e  i s  no sensing element a t  t h e  e x i t  terminal  of 

t h e  electric s e c t o r .  

r e s u l t s  i n  l i g h t  r e j e c t i o n  being an inherent  f e a t u r e  of t h i s  instrument.  

However, t o  f u r t h e r  enhance l i g h t  r e j e c t i o n  a t r a p  similar t o  t h a t  of 

t h e  Ogi lv ie  design i s  provided i n  t h e  energy f i l t e r  and t h e  proton 

v e l o c i t y  tuner  shown as a screen i n  Fig.  3 .  These u n i t s  bend t h e  ion  

beam 90' out  of t h e  pa th  of t h e  l i g h t  f l u x  such t h a t  t h e  sphe r i ca l  e l e c t r o -  

s t a t i c  analyzer  does not  see t h i s  unwanted r a d i a t i o n .  

The tor tuous  pa th  which an ion  beam must fol low 
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SECTION 4 

CONCLUSION 

The r e s u l t s  of t he  f e a s i b i l i t y  s tudy of an as t ronaut -opera ted  double- 

focusing mass/charge spectrograph des ign  concept s u i t a b l e  f o r  use i n  an  

Apollo Command Module have been presented i n  d e t a i l  i n  Sec t ions  2 and 3 .  

These r e s u l t s  are summarized a s  fol lows:  

The instrument  i s  capable of a r e s o l u t i o n  i n  the  range 100 t o  200 f o r  

mass/charge numbers i n  the  range 2 t o  4 and an acceptance cone h a l f -  

angle  of t h r e e  degrees.  Data are presented which r e l a t e  r e s o l u t i o n  t o  

mass/charge number and acceptance ha l f -angle .  The r e s o l u t i o n  i s  found 

t o  inc rease  r a p i d l y  as the  acceptance ang le  i s  decreased. 

Mass/charge i n  t h e  range 2 t o  10 can be accepted by the  instrument  

using one permanent magnet. 

a t o r  u n i t  and a dece le ra to r  u n i t  which toge ther  provide t h e  method of 

s e l e c t i n g  a given mass/charge number. 

This i s  accomplished by using an a c c e l e r -  

A v e l o c i t y  dev ia t ion  of *0.20 can be accepted by the  instrument.  

However, only a dev ia t ion  of f O . 1 0  i s  necessary i n  order  t o  d i sp l ay  

a mass/charge dev ia t ion  of k0.20 over a one inch segment of photo- 

graphic  p l a t e .  

S e n s i t i v i t y  has been def ined as the  t i m e  requi red  f o r  ions  of a given 

spec ie s  t o  produce a l i n e  of s p e c i f i e d  degree of blackening on the  

photographic emulsion and a s e n s i t i v i t y  parameter has been a n a l y t i c a l l y  

der ived.  The s e n s i t i v i t y  parameter i s  inve r se ly  p ropor t iona l  t o  the  

r e so lu t ion .  A sample c a l c u l a t i o n  shows t h a t  an ion  spec ie s  of f l u x  

i n t e n s i t y  10 per  cm2-sec could be de tec ted  wi th  a r e s o l u t i o n  of 170 

on I l f o r d  Q emulsion a f t e r  approximately twenty minutes exposure. 2 

4 
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Light f l u x  r e j e c t i o n  can be adequately achieved by f e a t u r e s  of the  

instrument design. 

Dimensions and weight of the  instrument are n o t  considered t o  be c r i t -  

i c a l .  

r equ i r ed  with a t  least one percent r e g u l a t i o n  o r  b e t t e r .  

and s o l a r  wind v e l o c i t y  tuning would be accomplished by interdependent ly  

varying the p o t e n t i a l s  across  s e v e r a l  high vo l t age  elements of the  in-  

s trument . 

A high  vo l t age  supply of approximately twelve k i l o v o l t s  would be 

Mass/charge 
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